Introduction
To develop a mechanistic model for subcooled flow boiling one needs to understand the partitioning of the wall heat flux. The first step in partitioning of wall heat flux is to identify the different heat transfer mechanisms involved. Upstream of the location of Onset of Nucleate Boiling ͑ONB͒, single phase heat transfer prevails. With the presence of bubbles different heat transfer mechanisms come into play. As such, location of ONB marks the boundary between single and two phase heat transfer. Nucleation site density (N a ) information is necessary to determine the amount of evaporative energy carried away by bubbles lifting off from the wall.
A detailed literature review of parameters involved in subcooled flow boiling has been performed by Warrier and Dhir ͓1͔. Several studies have been performed in the past for ONB of which the notable ones are discussed here. Hsu ͓2͔ was the first to postulate the criteria for the boiling inception. According to his criteria, for an embryo to evolve into a bubble, the minimum temperature surrounding the bubble ͑the temperature at the tip of the bubble͒ should be at least equal to the saturation temperature corresponding to the pressure inside the bubble. The pressure inside the bubble is higher than the surrounding liquid, and the pressure difference can be expressed in terms of the Young-Laplace equation (⌬ Pϭ2/r b ) for a spherical bubble. The corresponding saturation temperature inside the bubble can be approximately found from the Clausius-Clapeyron equation as,
Assuming a linear temperature drop in the thermal boundary layer, one can express the temperature profile in the boundary layer as,
For a particular wall superheat, applying Hsu's criteria while geometrically relating bubble radius, r b , and cavity radius, r c , to the distance of the bubble tip from the wall, a quadratic equation is obtained which gives the range of nucleating cavities for a given wall superheat as, ͕r c,min ,r c,max ͖ϭ ␦ t C 2 2C 1
⌬T w ⌬T w ϩ⌬T sub ϫͫ 1ϯͱ1Ϫ
where C 1 ϭ1ϩcos and C 2 ϭsin . Equation ͑3͒ is shown graphically in Fig. 1 . Hsu considered a truncated bubble sitting on a cavity mouth and assumed the bubble to be part of a sphere. Bergles and Rohsenow ͓3͔ stated that on commercial surfaces there will be a wide range of cavity sizes present and as such incipience will be independent of surface conditions. While accounting for variation of physical properties with pressure, Bergles and Rohsenow obtained an empirical expression for the heat flux at ONB in terms of system pressure as, q w,ONB ϭ15.6P 
where P is in psia, q w,ONB is in BTU/ft 2 hr, and T in°F. Their experiments were conducted with water on stainless steel ͑SS͒ and nickel surfaces and covered a range of pressures from 15 to 2000 psia. Sato and Matsumara ͓4͔ analytically developed an equation for expressing the wall heat flux at ONB condition in terms of the wall superheat. Their analysis was based on application of Hsu's criteria and tangency condition of Eq. ͑1͒ and Eq. ͑2͒. The super-heat corresponds to the minimum superheat required for inception and the wall heat flux can be related to the wall superheat as,
Davis and Anderson ͓5͔ extended this analysis and introduced the contact angle as a variable for the ONB condition. Their analysis gave the heat flux condition at ONB as,
where C 1 is same as in Eq. ͑3͒. They also showed that Bergles and Rohsenow's graphical solution closely represents the analytical expressions for hemispherical bubbles ͑Eq. ͑5͒͒ and takes care of the property variation in terms of the pressure term. All of these expressions mostly tend to underpredict the incipience wall superheat. Kandlikar et al. ͓6͔ numerically solved the flow field to obtain the stagnation point on the bubble. Their numerical results show that the stagnation distance from the wall is at 1.1r b . Using the liquid temperature in the boundary layer at this distance as the temperature for the tip of the bubble, they derived from the inception criteria the range of nucleating cavities as,
They also noted from flow boiling experiments of subcooled water on a polished aluminum surface that keeping the flow rate and wall temperature constant, as the subcooling is reduced, the minimum cavity radius decreases slightly but the maximum cavity radius and range of nucleating cavity sizes increases considerably. Increasing the flow rate reduced the thermal boundary layer thickness and in turn reduced the range of nucleating cavity sizes.
Several studies have been conducted on boiling inception using refrigerants. Yin and Abdelmessiah ͓7͔ studied incipience of R11 on a vertical SS tube of 11.81 mm ID. Hino and Ueda ͓8͔ studied boiling incipience using R113 on SS surfaces and postulated that the incipience occurs when the liquid temperature equals the superheat corresponding to the maximum cavity radius available on the surface. From their R113 data they concluded that the cavity size ranged from 0.22 to 0.34 m. Bar-Cohen and Simon ͓9͔ gave a summary of superheat excursions at inception for various refrigerants available in the literature and a brief review of the mechanisms that may be responsible for the delayed nucleation for refrigerants. You et al. ͓10͔ studied saturated pool boiling of R113 on chromel and platinum surfaces at atmospheric pressure. Chin ͓11͔ studied flow boiling of R11 in a vertical channel at a pressure of 1.4 bar. The heater material was Haynes 230. Incipience data was correlated using the minimum wall superheat given by the tangency condition and then multiplying that value by introducing an empirically found correction factor for wall superheat. However, this factor, as mentioned in the work is only applicable to those set of data only.
Hahne et al. ͓12͔ studied incipience in subcooled flow boiling for a well wetting liquid ͑R12͒ and came up with a model applicable for other refrigerants also. For well wetting liquids, they stated that vapor nuclei in cavities even in the size corresponding to minimum wall superheat for inception ͑tangency condition͒ may be displaced or diminished. As such, Eq. ͑5͒ may not be applicable to well wetting liquids. They assumed that for such liquids, a nucleus is necessary for incipience and that is given by the largest of the remaining nuclei on the surface. They developed a correlation for the prediction of the heat flux and wall superheat required for incipience based on this radius r*, which is the largest of all the nuclei present on the surface, and calculated r* from their data for R12 as, 2 r* ϭ1.54 bar.
Assuming negligible temperature drop in the thin liquid layer of thickness r* adjacent to the wall, they predicted the wall superheat and wall heat flux at incipience as,
and q w,ONB ϭh spͫ 2T sat r* h f g
Hahne et al. applied their correlation successfully to data available in the literature for different refrigerants like R113, R11, and R12, covering a wide range of velocities, subcooling, and pressures. However, for each refrigerant they utilized a different constant for 2/r*. Tong et al. ͓13͔ studied boiling incipience of highly wetting liquids. For highly wetting liquids which have very small static contact angles, s , the advancing dynamic contact angles, d , ͑which may vary with velocity of the interface͒ can be large enough to trap gas and vapor in the cavities and initiate nucleation. Consequently the incipience superheat may lie below the value required for quiescent pool boiling. Based on their analysis and application of the model to existing data, they found that the embryo radius has to be corrected by a factor f (ϭr/r c ) from that of the cavity size available on the surface. The factor was found to be a function of d , s , and ␤. The factor, for small d and s is expressed as, Transactions of the ASME
However, in developing the function f, no experimental corroboration of the fact that indeed conical cavities do exist on a surface was provided. Wang and Dhir ͓14͔ found that at least on Copper surfaces most of the nucleating cavities were of reservoir type. The inception wall superheat was expressed as,
Celata et al. ͓15͔ studied ONB in a horizontal uniformly heated steel channel of diameter 8 mm and length 100 mm. Water was the test fluid. They used pressure drop measurements to determine the location of ONB. Their definition of the ONB location is the point where the pressure drop from experimental data deviates from the single phase values. Based on their results, they concluded that ONB location is dependent on velocity and liquid subcooling while system pressure has negligible effect.
Literature review on ONB shows that most of the correlations are based on minimum superheat criteria ͑tangency condition as shown in Fig. 1͒ from Hsu's postulation. These correlations generally underpredict the actual superheat required for inception. Inception will occur at this superheat only when the corresponding cavity size is available on the surface. For well wetting liquids, the available cavity size is reduced as shown by Hahne et al. None of the past studies have experimentally investigated the explicit influence of contact angle on inception.
Several studies have been performed on N a which give the functional dependence of N a on q w , ⌬T w , or available r c . Some notable studies in this field are discussed here. Jakob ͓16͔ first reported the relationship between N a and q w . His observations were, however, limited to low heat flux cases, as at higher heat fluxes, bubbles at neighboring sites begin to merge. Gaertner and Westwater ͓17͔ found the functional dependency of active nucleation site density with wall heat flux to be,
They used a technique in which nickel salts dissolved in water were deposited on the copper-heater surface when boiling occurred. By counting the number of holes in the deposited nickel layer an estimate of the active nucleation site density was obtained. Hsu and Graham ͓18͔ summarized earlier works of several investigators regarding the relationship between active nucleation site density and heat flux. Their work showed that in general the exponent of the heat flux varies between 1 and 2.1.
Sultan and Judd ͓19͔ reported nucleation site density data for water boiling at 1.013 bar on a copper surface. Their observed number densities were several times higher than those reported by Gaertner and Westwater. This difference could be attributed to the increased surface wettability due to nickel deposit in Gaertner and Westwater's experiment.
Mikic and Rohsenow ͓20͔ were the first to relate active site density to the sizes of the cavities present on the surface and expressed the functional dependence of active nucleation site density on cavity size for commercial surfaces as,
where m is an empirical constant ͑ϭ 6.5͒ and D c is given by,
Bier et al. ͓21͔ expressed N a as a function of cavity size. Their expression is given as,
where N max is the value corresponding to D c ϭ0. The value of the exponent m was found to depend on the surface preparation procedure. For Freon-115 and Freon-11, boiling on copper surfaces the values of exponent m is 0.42 and 0.26. Cornwell and Brown ͓22͔ studied active nucleation site density of water boiling at 1.013 bar on a copper surface, with surface condition varying from smooth to rough, and related the dependence of active site density on wall superheat from their study as,
From the cavity size data obtained using an electron microscope, they also related cavity size to total number of cavities present on the surface, N s , as,
They justified their observed functional dependence on wall superheat by assuming only conical cavities existed on the surface and that gas/vapor needed to be trapped in the cavities before any nucleation could occur. Yang and Kim ͓23͔ first attempted to predict quantitatively the active nucleation sites from knowing the size and cone angle of the cavities actually present on the surface. Using an electron microscope and a differential interference contrast microscope, they obtained the cavity probability density function involving cavity size ͑ranging from 0.65 to 6.2 m͒ and ␤. The size distribution was found to fit a Poisson distribution while a normal distribution was used for ␤. They used Bankoff's ͓24͔ criteria to determine which cavities will trap gas. This condition is given as Ͼ2␤. By combining the probability distribution functions and this criteria, they related N a to the average of N s on the surface as,
where ␤ is the mean value of cone half angle, and and s are statistical parameters. These parameters are dependent on surface preparation procedure and the material of the surface. Gaertner ͓25͔ first observed that active nucleation sites were randomly located and could be expressed in terms of Poisson's distribution function. Sultan and Judd ͓19͔ concluded the same from their observations. Kocamustafaogullari and Ishii ͓26͔ developed a relation for active nucleation site density in pool boiling from the data available in the literature. They also applied the correlation to the few forced convection nucleate boiling data available. Their correla-tion expressed active nucleation site density in dimensionless form as a function of dimensionless minimum cavity size and density ratio. The correlation was valid for system pressures ranging from 1.0 to 198.0 bar. Their correlation is given as,
where 
Wang and Dhir ͓14͔ were the first to perform a systematic study of the effect of contact angle on the density of active nucleation sites. In the experiments, pool boiling of water at 1.013 bar was studied on vertical copper surfaces for contact angles ranging from 18 deg to 90 deg. Copper surfaces were prepared by a well defined procedure and the contact angle was varied by controlling the degree of oxidation of the surface. The cumulative number density of cavities and their shapes were obtained with an electron microscope, while the number of active sites were counted from the still pictures. It was found that the cavities that nucleate are mostly the reservoir type rather than the conical type ͑were shallow cavities͒, which was the usual assumption in most studies that has been done in the past. The actual cavity size was corrected by multiplying it with a shape factor f d (ϭ0.89) to account for the irregular shape of the cavities. The corrected size was related to the wall superheat for nucleation as given in Eq. ͑15͒. It was found that the there was a strong influence of wettability on active nucleation site density. For surfaces with 18 degр s р90 deg, they correlated N a with corrected D c as,
In Eq. ͑22͒, N a is in sites/cm 2 and D c is in m. Equation ͑22͒ is valid for values of D c smaller than 5.8 m.
Zeng and Klausner ͓27͔ obtained experimental data for N a during flow boiling of R113 on a horizontal 25 mmϫ25 mm test section with a nichrome heating strip. Their experiments were performed for varying vapor quality at inlet, system pressure and wall heat flux. They studied the effect of vapor velocity, liquid velocity, liquid film thickness, system pressure, and wall heat flux on N a . Although no correlation was developed, they concluded that even if N a is dependent on r c , it is not sufficient for correlating N a . From their data, they concluded that velocity, heat flux, and system pressure have a strong effect on N a .
Literature review on N a shows very limited experimental studies have been conducted in subcooled flow boiling. The effect of subcooling and velocity have not been quantified and as such no correlation is available for N a in subcooled flow boiling.
The objective of the present study is to identify the parameters affecting ONB and N a in subcooled flow boiling, compare the experimental data with existing correlations, and develop new correlations as necessary. Several experiments were conducted covering a wide range of flow rates, liquid subcooling, and heat fluxes on a copper flat plate test surface and a nine-rod bundle with zircalloy-4 cladding.
Experimental Apparatus
The schematic of the flow loop is shown in Fig. 2 . The flow loop consists of two tanks, each with a volume of 1.25 m 3 , a centrifugal pump, turbine flow meter, bypass line, preheater and test section. Tank #1, which was used as the supply tank, is also fitted with immersion heaters ͑13.5 kW total power͒ to degas and preheat the distilled water used in the experiments. The preheater consisted of a 210 kW ͑480 V, 3 phase͒ flanged immersion heater fitted vertically onto a stainless steel container. The power to the immersion heater is controlled using a 480 V, 350 A silicon controlled rectifier ͑SCR͒ power controller ͑Phasetronics͒. Using the power controller and thermocouple outputs, it is possible to control the liquid subcooling accurately. Thermocouples and pressure transducers are installed at the inlet and exit of the heating section. Two types of test surfaces were used in this study: ͑1͒ flat plate and ͑2͒ nine-rod bundle.
Test Surface 1-Flat Plate. For this test surface, the flow channel is 1.83 m long, of which the heated section is 0.30 m. A 0.61 m long flow development section is provided upstream of the heated section, while a 0.30 m long section is provided downstream of the heated section. In addition, transition sections, each 0.30 m long, are provided upstream and downstream of the test section. A flow straightener is also placed at the inlet of the flow developing section. The cross section of the flow channel is shown in Fig. 3 . The flow channel is almost square in cross section with a flow area of 16.33 cm 2 . The copper block, which is heated, is mounted flush with one of the inside walls of the flow channel, while pyrex glass windows are provided on the other three sides of the channel. The glass windows help in visual observation of the flow. Figure 4 shows the dimensions of the copper block and the placement of the thermocouples at each axial location. The temperatures measured by these embedded thermocouples are Transactions of the ASME used to determine the temperature and heat flux at the surface ͑boiling surface͒. The thermocouples ͑K-type, 0.81 mm diameter͒ are located at seven different axial locations along the length of the copper block. At each axial location, there are nine thermocouples ͑labeled 1 through 9͒ embedded in the block at discrete locations normal to the heating surface, as can be seen from the cross section of the copper block shown in Fig. 4 . Thus, a total of 63 thermocouples are placed in the copper block. The heating of the copper block is achieved using 36 cartridge heaters embedded in the back of the copper block. These cartridge heaters were arranged such that the heat flux at the boiling surface is uniform. Since each cartridge heater has a maximum power rating of 750 W, the total installed power in the test section is 27 kW. The power supplied to the cartridge heaters, and hence to the copper block, is controlled with a 240 V, 50 A, SCR power controller ͑Phasetronics͒. Figure 5 shows a photograph of the assembled test section with the various pressure and temperature sensors mounted on it. Five microthermocouples ͑K-type, 0.25 mm diameter͒ are mounted in the test chamber to measure the liquid temperature profile adjacent to the test surface. These microthermocouples are connected to micrometers making it possible to traverse the width of the channel. They are used to measure liquid temperatures at axial distances of 0.64 cm, 6.48 cm, 15.25 cm, 24.00 cm and 29.86 cm, respectively from the leading edge of the copper block. Figure 6 shows the crosssection of the nine-rod bundle heating section. Glass windows are provided on all sides so as to aid visual observations. The diameter of the rods ͑1.11 cm OD͒ and the pitch ͑1.429 cm͒ of the 3 ϫ3 square arrangement are typical of those found in a pressurized water reactor. Zircalloy-4 has been chosen as the cladding material and the cladding is Joule heated using a 100 kW DC power supply. The wall thickness of the cladding is 0.015 cm. This value was chosen so that the maximum power could be generated for the current rating of the power supply. Power to the cladding is provided using copper bus bars mounted at the ends of the test section ͑at the inlet and exit of the heated section͒. Though this configuration disturbs the flow it was found to provide a better alternative for supplying power to the cladding. The wall temperatures of the rods are measured at various axial and radial locations using miniature thermocouples mounted inside the thin-walled tubes as shown in Fig. 7 . These thermocouples are mounted in slots machined in solid lava rods which are placed inside the zircalloy-4 tubes.
The thermocouples are attached and covered with a nonconducting cement all throughout except at the tips where they are covered with electrically insulated but thermally conducting cement. Moveable microthermocouples are mounted at various axial location along the flow channel to measure the liquid temperature profile. The arrangement of the microthermocouples and the ther- Experimental Procedure. Several subcooled flow boiling experiments were performed while varying the flow rate and inlet subcooling with water at one atmosphere pressure. Prior to each experiment, tank #1 was filled with distilled water and was heated. The water was degassed by boiling it for approximately three hours and thereafter it was cooled to the required temperature. During an experiment, water was pumped from tank #1 through the flowmeter, inline preheater, and the test section before being discharged into tank #2. The liquid flow rate was controlled using the valves placed at the preheater inlet and the bypass line. The power to the boiling surface was turned on once the required flow rate and liquid subcooling levels at inlet were achieved. After the test heater reached steady state, all the required temperature measurements were taken. A 16-bit data acquisition system ͑Straw-berry Tree, Model DS-16-8-TC͒ was used to record the temperatures. The boiling phenomena occurring at the heater surface was recorded using a high-speed CCD camera ͑HSIS 2000 from KSV Instruments Ltd.͒. The wall heat flux was computed from the temperature gradients measured in the copper heating block. The uncertainty in q w is due to the uncertainty in temperature difference, thermocouple placement and thermal conductivity. The percentage uncertainty decreased with increase in heat flux. The computed uncertainty for 20 W/cm 2 is Ϯ9.4 percent, while that for 96 W/cm 2 is Ϯ8.5 percent. The heater surface temperature was obtained by extrapolating the measured interior temperatures to the surface and its uncertainty is in the range of Ϯ0.4°C to Ϯ0.8°C.
For the rod bundle, the heat flux was obtained from the measured input power and rod surface area. The uncertainty mainly arises due to the difference in cladding thickness which gives rise to variation in resistance of the rods. The uncertainty is estimated to be about 8 percent. The surface temperature for the rod bundles was obtained from the readings of the miniature thermocouples placed inside the thin walled tubes. The uncertainty, after correction for temperature drop across the tube wall was made, is about Ϯ0.2°C to Ϯ0.4°C. The uncertainty in the measured liquid temperature is Ϯ0.2°C.
Before each test case, the surface was prepared and s was measured. The following procedure was adopted while oxidizing the copper boiling surface. The surface was first polished using 600 grit sand paper for about one minute ͑approximately 200 strokes͒. This was then followed by polishing using 1200 grit crocus cloth for about five minutes ͑approximately 1000 strokes͒. The final polishing of the surface was done using a hand held buffing machine ͑for about five minutes͒. The surface was then cleaned using isopropyl alcohol and acetone. The oxidation of the surface was achieved by heating the copper surface in air ͑copper block was horizontal with boiling surface facing upwards͒. While heating the block, the power supplied to the copper block was fixed at 325 W ͑currentϭ4 A, voltageϭ27 V͒. With this power, it took approximately four hours for the block to reach steady state ͑the steady state temperature was about 217°C͒. After steady state was reached, the heating was continued for another 45 minutes. The power was then turned off and the block was allowed to cool. Once the block had cooled to room temperature ͑in about five hours͒, the contact angle was measured. The static contact angle was measured by placing small droplets of water at various locations ͑about 10 to 15͒ on the copper surface and taking photographs of these droplets. The photographs were taken using a CCD camera. From these photographs the contact angles were measured. Thereafter the copper block was installed in the test section. The unoxidized surface was prepared in a very similar manner, except that the surface was not heated. The measured s for the oxidized surface was 30 degϮ3 deg, whereas that for the unoxidized surface was about 90 deg.
Most of the 30 deg and some of the 90 deg test cases for which N a was obtained, were single heat flux experiments for which s after the experiment did not change much ͑only about 2 deg͒ from that prior to the experiment. Some of the experiments with an initially unoxidized surface ( s ϭ90 deg) were performed for multiple heat fluxes keeping the flow rate and liquid subcooling constant. For these test cases, s decreased by about 10 deg to 15 deg by the end of the experiment ͑duration of the experiment was about two hours͒. This change in s was due to the oxidation of the copper test surface during the experiments at higher heat fluxes. In order to quantify s during these experiments, the duration of the experiments and the change in color of the test surface were recorded, from which s were approximately identified. For the rod bundle case, the s was found to be 57 deg before the rod bundle was assembled into the test section. The uncertainty in the measured s is about Ϯ3 deg.
Results and Discussion
The experiments covered a range of mass fluxes, G, varying from 124 to 886 kg/m 2 s, ⌬T sub,in varying from 6.6 to 52.5°C, q w from 2.5 to 96. Onset of Nucleate Boiling. The onset of nucleate boiling is the location where the first vapor bubbles appear on the heater surface. In the experiments, the ONB location was identified by visual observations as well as temperature and heat flux data. Though in all test cases, a few bubbles were observed at the edges of the heater surface, the ONB location was identified as the point where bubbles were first observed in the middle ͑away from the edges͒ of the heater surface in the transverse direction. Visual observation of ONB location was validated with that determined from heat transfer coefficients versus axial location (h-z) plots. With inception of boiling, for the same flow rate and liquid subcooling, the heat transfer coefficient will deviate from the corresponding single phase value. Figure 8 shows the h-z plots for G ϭ346 kg/m 2 s and ⌬T sub,in ϭ26.5°C for different q w on the flat plate test surface. The lowest heat flux case of 6 W/cm 2 is a single-phase case whereas those for higher heat fluxes are twophase cases. Comparing the h-z plot for the single-phase case of Transactions of the ASME q w ϭ6 W/cm 2 and that of the two-phase case (q w ϭ14.7 W/cm 2 ), we can identify the location of ONB as the point where the heat transfer coefficient deviates from the corresponding single phase value at a particular location. The location of ONB from heat transfer data is found to be 16.5 cm from the leading edge, whereas from visual observation the ONB is found to occur at 18.0 cm from the leading edge. The ONB location obtained from visual observation as well as that from h-z plot for different heat fluxes are marked in the plot as vertical bars. The ONB location obtained from visual observations appear to agree with that discerned from the heat flux data ͑on an average within Ϯ8 percent for all cases͒. Also, from these plots it is evident that the ONB location moves down towards the inlet as the q w increases. Keeping all other parameters constant, the h-z plots upstream of ONB for all q w values match well with the single-phase case. The small variations as seen in the plot are within the uncertainty of the evaluation of the heat transfer coefficient ͑for this case about Ϯ15 percent͒. The variation in the axial location at which ONB occurs is plotted in Fig. 9 as a function of ⌬T w,ONB . From Fig. 9 , it can be seen that keeping all the parameters the same, as G increases from 346 kg/m 2 s to 886 kg/m 2 s, the ONB at the same z location occurs at higher ⌬T w . A similar effect is seen when ⌬T sub increases. Also, inception occurs at a lower ⌬T w for larger values of s .
A comparison of ⌬T w,ONB data obtained in this study with the predictions from past studies is shown in New Proposal. The tangency condition in the implementation of Hsu's criterion yields the minimum wall superheat at nucleation. However, the onset of nucleate boiling at the predicted minimum wall superheat is contingent upon the following two conditions:
1. the corresponding cavity is available on the surface 2. the cavity is not flooded ͑i.e., it contains gas or vapor͒ The distribution of cavities of different sizes and shapes strongly depends on the manufacturing conditions and the procedure that is used to polish the surface. How many of these cavities are flooded depends on the shape of the cavities and the wettability of the surface. According to Wang and Dhir ͓14͔, for a cavity to trap gas or vapor the contact angle should be greater than the cavity mouth angle. It can be an arduous task to determine the size and shape of cavities that are present on a commercial surface. It should be further noted that even with this information it would be very difficult to identify specific cavities that nucleate at a given wall superheat. In this study cavity size distribution and shapes of cavities present on the heater surfaces were not determined. A detailed study of cavity size distribution and active sites identification has been previously performed by Wang and Dhir ͓14͔. In the absence of such knowledge, in this work it is proposed that the probability of finding an unflooded cavity of the size corresponding to the minimum wall superheat calculated from Hsu's criterion diminishes as the wettability of the surface increases. However, the size of the available cavity is proportional to that obtained from the minimum superheat criterion. As such, the available cavity size can be expressed as,
where the correction factor F ͑which depends on s ͒ is obtained empirically and D c 0 is obtained by invoking the minimum superheat criterion as,
Under the assumption that the nucleating cavity is much smaller than ␦ t , the wall temperature for inception corresponding to D c is obtained from the following equations:
When the calculated wall superheat is not too high, ⌬T w,ONB in terms of D c can be approximated as,
Prior to ONB, single-phase flow prevails on the heater surface, an expression for wall heat flux in terms of the single-phase heat transfer coefficient ͑which may or may not depend on the axial location͒ can be written as, 
From the available data, it is found that the function F can be expressed as
where s is expressed in degrees. For determining the form of Eq. ͑29͒, it must be kept in mind that as s →0, all the cavities will be flooded and hence F→0. It should be noted that pool boiling data for R113 ͓10͔ are also included in Fig.  10 . Most of the plotted data were obtained at atmospheric pressure or close to it, except for Bergles and Rohsenow's data for water in nickel tube for which the pressure was 137 bar and Hahne et al.'s data for which the pressure was 7.5 bar. Figures 10 and 11 show that the present model predicts ⌬T w,ONB and q w,ONB within Ϯ30 percent for a wide range of system pressures, static contact angles, flow rates, and liquid subcoolings. All of the data plotted in Fig.   Fig. 10 Comparison of predicted and experimental T w,ONB values Transactions of the ASME 10 and obtained from literature could not be shown in Fig. 11 because of lack of information regarding the exact local subcooling and/or the heat transfer coefficient. From the above model, for given values of G, ⌬T sub , and s , it is possible to predict the axial location at which inception would occur, when a given q w is imposed on the surface. Equation ͑28͒ is valid for all liquids and for both laminar and turbulent flow regimes as long as position dependent value of h sp is used.
It should be noted that as s decreases, ⌬T w,ONB approaches the superheat required for homogeneous nucleation. This is shown in Fig. 12 , which is a plot of the normalized heterogeneous inception temperature as a function of s , for D c o ϭ5 m. The inception superheat is normalized with the homogeneous nucleation superheat ͑213°C for water͒. The plot shows that the inception temperature increases with decreasing contact angle, and approaches the homogeneous nucleation temperature for very low contact angles. For highly wetting liquids, Tong et al. ͓13͔ found a correction factor for the size of nucleating cavities, given by Eq. ͑11͒. A quantitative comparison of the ⌬T w,ONB values predicted using the present correlation with that predicted from Eqs. ͑11͒ and ͑12͒, could not be made because evaluation of superheat from Eq. ͑12͒ requires an a priori knowledge of ␤ and d . As stated earlier, in the absence of detailed information regarding the size and shape distribution of cavities present on the heater surface, any model relying on such information cannot be used to predict ⌬T w,ONB . In the present work an approach is taken where the available data are used to empirically correlate the function F. The deviation in the predicted ⌬T w,ONB values using function F can occur if the experimental conditions ͑such as dissolved gas content of the liquid͒ are substantially altered from those that existed in the experiments representing the database. Ranges of all the data shown in Figs. 10 and 11 are listed in Table 2 . Complete details of all the experimental data obtained in present work can be found in the report by Warrier et al. ͓28͔.
Active Nucleation Site Density. The active nucleation site density was measured from the high-speed motion pictures taken of the heater surface during boiling. These pictures were taken from the front of the heater surface using a CCD camera. The CCD camera ͑HSIS 2002͒ has a resolution of 256ϫ256 pixels over viewing area and a maximum frame rate of 1220 frames/ second. Pictures were taken at various axial locations along the heater surface. The recorded movies were then played back and the number of active nucleation sites counted manually. The ac- tive nucleation site density was calculated by dividing the total number of active nucleation sites by the area over which the camera was focused. In partial nucleate boiling, where discrete bubbles are present on the surface, the active sites could be easily discerned from the pictures. However, at higher wall superheats, adjacent bubbles begin to merge making it difficult to accurately count the number of individual active sites.
To overcome this problem, a technique similar to the that used by Wang and Dhir ͓9͔ was employed. In this technique, once the required wall superheat was reached, colder water ͑at about 60°C͒ stored in tank #2 was pumped through the test chamber for about two or three minutes. The increased subcooling caused the bubbles to decrease in size and eliminate merger, thereby facilitating the observation of individual sites. As pointed out by Wang and Dhir, this raises the possibility that if the subcooling is high, the liquid-vapor interface may be pushed back into the cavity, thereby giving the appearance that the site has been deactivated. Pictures taken before and after the cold water was introduced, showed that though the bubbles decreased in size, they did not completely disappear. The error due to deactivation is expected to be small, since the wall superheat and heat flux changed insignificantly after the cold water was introduced. Figure 13 shows a comparison of the N a values measured for two different values of G. Figure 14 shows the N a values measured for different values of ⌬T sub . The data shown in Figs. 13 and 14 were obtained using the flat plate surface for s ϭ30 deg. No systematic effect of G and ⌬T sub on N a are observed in Figs. 13 and 14. From these figures it appears that for a given s , the dependence of N a on ⌬T w is independent of both G and ⌬T sub . The active nucleation site density as a function of ⌬T w for different contact angles, for both the flat plate and rod bundle, is shown in Fig. 15 . An increase in either ⌬T w or s ͑i.e., decrease in surface wettability͒ results in an increase in N a . The increase in N a with increase in s can also be clearly seen in the photographs shown in Fig. 16 for the same wall superheat of 12°C Correlations of Kocamustafaogullari and Ishii ͓26͔ and Wang and Dhir ͓14͔ are also plotted in Fig. 15 . Also included are the experimental data of Zeng and Klausner ͓27͔. The data plotted in Fig. 15 shows significant scatter. However, this is not unexpected, since at very low number densities, (N a ϳ1 site/cm 2 ), and with the focussing area being in the range of 1.4 cm 2 to 1.6 cm 2 for flat plate test surface, missing just one nucleation site can cause a large error. At higher wall superheats, with increase in N a , it becomes difficult to measure the exact number of nucleation sites due to merger of bubbles from neighboring sites. Only one experiment for s ϭ30 deg, Gϭ346 kg/m 2 s, and ⌬T w greater than 20°C was performed with the cold water technique mentioned earlier. Figure 15 shows that at higher ⌬T w values ͑i.e., lower D c values͒, N a increases more rapidly with ⌬T w . From the data it appears that this transitional dependency of N a on ⌬T w occurs at about 15°C wall superheat.
Wang and Dhir ͓14͔ also observed this transition, but at a wall superheat of 12°C. Kocamustafaogullari and Ishii's ͓26͔ correlation underpredicts the nucleation site density obtained in the current experiment as shown in Fig. 15 . Wang and Dhir's correlation matches well with the experimental data for wall superheats higher than 15°C. As mentioned earlier, it should be noted that this correlation was developed for D c Ͻ5.8 m which corresponds to a ⌬T w Ͼ12°C for water. For lower wall superheats, Wang and Dhir did not propose any correlation for N a . However, in their work they empirically found, N s ͑in sites/cm 2 ͒, the number density of all cavities present on the surface, as a function of
In Eq. ͑30͒, D c is in m and D c ϭ f d D c * , where the shape factor f d is 0.89 and D c * is the measured cavity size. The number of nucleating cavities is less than the total number of available cavities as only a fraction of these cavities trap gas or vapor. The dependence of N s on D c ͑and hence ⌬T w ͒ given by Eq. ͑30͒ is the same as what has been measured in the present work, for ⌬T w Ͻ15°C.
Based on the present data, two correlations have been developed for N a as a function of both wall superheat (⌬T w ) and contact angle ( s ). These correlations are given as: ⌬T w у15°.
These correlations should be valid for other liquids and pressures and are applicable for ⌬T w Ͼ⌬T w,ONB . The power of ⌬T w in Eq. ͑32͒ is 5.3 whereas Wang and Dhir's correlation had ⌬T w 6.0 . The contact angle dependency is the same as that proposed by Wang and Dhir. Also, for lower superheats, N a ϳ⌬T w 2.0 which is the same dependence given by Eq. ͑30͒ ͑i.e., N s ϳD c Ϫ2.0 which is equivalent to N s ϳ⌬T w 2.0 ͒. Figure 17 shows a comparison of the N a values obtained experimentally with those predicted from Eqs. ͑31͒ and ͑32͒. It is seen that most of the data are correlated within Ϯ40 percent.
Zeng and Klausner ͓27͔ obtained N a data during flow boiling in a horizontal channel. In their experiments the heat flux was kept constant while the liquid velocity, liquid layer thickness, and the vapor quality at inlet were varied. Their results showed that for a constant heat flux, changing the liquid or vapor velocity had a significant effect on N a . Another way of interpreting these results is as follows: since the heat flux was always kept constant, changing the liquid or vapor velocity will result in changing the heat transfer coefficient and in turn the wall superheat. This change in the wall superheat will in turn change the measured N a values. The plot of their N a data with ⌬T w for various mass fluxes, liquid film thickness, vapor and liquid velocities, shows that N a ϳ⌬T w 5.6 ͑as shown in Fig. 15͒ which is close to the dependence obtained in the present work, for higher range of wall superheats. However, converting the N a dependence on velocity ͑from the data reported in the paper͒ to that on wall superheat gives N a ϳ⌬T w 3.75 . This was obtained by assuming that for turbulent flows, Nuϳu 0.8 and given that N a ϳu Ϫ3.0 ͑as reported in their paper͒. However, their data show considerable scatter. The scatter in the data at low wall superheats can be due to the uncertainty that is inherent in determining N a when only a few sites are present in the area of interest. Table 3 lists the ranges of N a data shown in the plots. Details of all the N a data obtained in the present study can be found in Warrier et al. ͓28͔.
Summary
The dependence of the onset of nucleate boiling and active nucleation site density on different subcooled flow boiling parameters have been quantified. Unlike most of the previous studies the functional dependence of inception superheat or heat flux on flow rate, local liquid subcooling, static contact angle, and axial location has been accounted for. The present model explicitly takes into account the influence of static contact angle as it has been successfully applied to various liquids-surface pairs, including refrigerants. The correlation can be used to determine the location of ONB given the various system and flow parameters. The validity of the ONB correlation has been shown for the following range of parameters: ͑i͒ s : 1 deg to 85 deg, ͑ii͒ system pressure: 1.0 bar to 137.5 bar, ͑iii͒ local liquid subcooling: 1.7°C to 80.0°C, and ͑iv͒ velocity: pool to 17 m/s.
It is found that the nucleation site density depends only on static contact angle and wall superheat. The effect of velocity and local liquid subcooling is implicit in the relation between local heat flux and wall superheat and they do not affect the nucleation site density independently. Nucleation site density data for water 
